Studies in pediatric kidney transplant recipients over the last 2 decades have indicated a high prevalence of abnormal ambulatory blood pressure (ABP). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] We recently evaluated BP by ABP monitoring (ABPM) in a large cohort of kidney transplant recipients from the Midwest Pediatric Nephrology Consortium (MWPNC). Masked hypertension was present in one third of patients, confirming poor BP control in these patients outside the medical office. 12 While few studies have analyzed longitudinal ABP trends in pediatric kidney transplantation, some small studies suggest that ABPM can lead to improved BP control in these patients. 13, 14 The aim of the current study was to longitudinally evaluate ABP in pediatric kidney transplant recipients. We also sought to identify factors associated with improved or worsened BP control over time. To accomplish this, we utilized data from patients in our original MWPNC cohort who underwent repeated ABPM evaluations.
SBP/DBP at the 90 th -95 th percentile or 120-140/80-90 mm Hg; "Hypertension": SBP/DBP ≥95 th percentile or ≥140/90 mm Hg.
The SpaceLabs 90217 monitor (SpaceLabs Healthcare, Issaquah, WA) was used for all ABPM studies. All centers utilized standard methodology to measure BP: for wake hours-every 20 minutes; for sleep hours, measurements were performed either every 20 or 30 minutes.
The ABP parameters of interest included mean SBP and DBP, ABP index, nocturnal dip, and BP load. ABP index was calculated as the mean ABP divided by the corresponding 95 th percentile. Thus, an index of 1 indicates ABP equal to the threshold value for a clinical diagnosis of hypertension, and an index of 1.1 is 10% above that threshold. 17 Since the 95 th percentile is gender and height specific, this measure allows for comparison of BP across a wide range of pediatric normal values.
For patients under 18 years of age, wake and sleep BP loads were calculated as the percent of readings at or above the 95 th percentile based on published normative data. 18 ABP status for patients under 18 years of age was estimated based on mean 24-hour ABP and 24-hour BP load as recommended by the American Heart Association (AHA). 19 However, considering the high cardiovascular risk nature of the kidney transplant recipient population, for BP status classification using both CBP and ABP readings, BP load >25% (even if mean BP was <95 th percentile) was used as the cutoff for abnormal ABP, as previously described 12 : "Normal": CBP <95 th percentile and 24-hour BP load <25%; "White coat hypertension (WCH)": CBP ≥95 th percentile, 24-hour BP load <25%; "Masked hypertension": CBP <95 th percentile and 24-hour BP load ≥25%; "Sustained hypertension": CBP ≥95 th percentile and 24-hour BP load ≥25%.
For patients over 18 years of age, the abnormal cutoffs were based on adult criteria utilizing mean BP only 20 : "Normal": CBP <140/90 mm Hg, mean wake ABP <135/85 mm Hg, and mean sleep ABP <120/70 mm Hg; "WCH": CBP ≥140/90 mm Hg, mean wake ABP <135/85 mm Hg, and mean sleep ABP <120/70 mm Hg; "Masked hypertension": CBP <140/90 mm Hg, mean wake ABP ≥135/85 mm Hg, and/or mean sleep ABP ≥120/70 mm Hg; "Sustained hypertension": CBP ≥140/90 mm Hg, mean wake ABP ≥135/85 mm Hg, and/or mean sleep ABP ≥120/70 mm Hg.
Since pediatric and adult cutoffs for normal and abnormal ABP are different, the cohort was divided into 3 different age groups: "adult-adult": subjects ≥18 years at baseline; "pediatric-pediatric": subjects <18 years at baseline and follow up; "pediatric-adult": subjects <18 years at baseline, but ≥18 years at follow up. In order to better compare the BP status between these groups, and the baseline and follow up status of the pediatric-adults group, we applied the formal definitions of the pediatric AHA classification, i.e., using a mean day/night BP >95 th percentile per height as the cutoff for abnormal ABP on all the patients.
Controlled hypertension was defined as normal BP as a result of treatment with antihypertensive medications. Uncontrolled hypertension (masked and sustained) was defined as hypertension while on antihypertensive treatment. For the purpose of this study, in addition to the standard definition of WCH, patients on BP medications and BP measurements consistent with WCH were also classified as having WCH.
Statistical analysis
For descriptive statistics, categorical variables were reported as percentages, and continuous variables reported as median and interquartile ranges. For univariate analyses, demographic and clinical characteristics were compared between BP categories using chi-square testing for categorical variables and the Wilcoxon rank-sum test for continuous variables. Comparison of patients' status at baseline and last follow up was done using McNamer's test for categorical variables and paired T-test for continuous ones. Logistic regression was used to investigate the association of baseline characteristics with normalization ABP or development of abnormal ABP (masked + sustained hypertension). All baseline variables associated with improving or worsening BP status in univariate analyses (P < 0.15) were initially included in the model. These included sex, race, weight status, treatment with calcium channel blockers, elevated 24-hour SBP, and elevated wake SBP for improving BP status; and sex, steroid treatment, hemoglobin, and estimated glomerular filtration rate for worsening BP status. Backward elimination was performed to determine variables included in the final model, with an inclusion criterion of P <0.05. Odds ratios were reported for each independent predictor along with Wald 95% confidence intervals. All statistical analyses were performed using SAS 9.3 statistical software.
RESULTS
Two hundred and two pediatric and young adult kidney transplant recipients had at least one ABPM. Among them, 123 had a repeated ABPM (98 with 1 follow up ABPM and 25 with more) with a median time between the first and last ABPM of 2.3 years. Baseline characteristics of patients with and without a repeated ABPM are shown in Table 1 . Compared to those who did not receive a repeat ABPM, patients with a follow-up ABPM had more prevalent baseline masked hypertension (37% vs. 20%), less prevalent baseline normal BP (40% vs. 65%), and were more likely to be treated with more than one antihypertensive medication at baseline.
Comparison of BP at baseline vs. follow up is shown in Table 2 . Overall, BP control improved over time: there were more patients with normal CBP (54% vs. 40%) and less patients with casual hypertension (11% vs. 23%, P = 0.01) at follow up compared to baseline. Improvements in many ABP parameters were noticed at follow-up, including mean 24-hour SBP and DBP indices, mean wake SBP index, and mean sleep SBP and DBP indices. During the follow up period, antihypertensive medications were initiated in 12 patients, their number was increased in 20, decreased in 7, and discontinued in 3 patients. At the time of follow-up ABPM, more patients were taking antihypertensive medications compared to baseline (80% vs. 72%, P = 0.02) and more patients were taking more than 1 antihypertensive medication (37% vs. 25%, P = 0.004). The number of antihypertensive medications was increased in 35% of patients with baseline ambulatory hypertension, compared with 16% of those with normal ABP at baseline (P = 0.02). Change in BP category according to baseline status is shown in Figure 1 . Among patients with normal BP at baseline, whereas the majority (61%) remained normotensive, 33% were subsequently found to have either masked (25%) or sustained (8%) hypertension; among patients with WCH at baseline, 75% had normal BP at follow up; among patients with masked hypertension at baseline, 60% had normal BP at follow up, 33% continued to have masked hypertension, and 5% developed sustained hypertension; among patients with sustained hypertension at baseline, over half (53%) had controlled hypertension at follow-up, 38% had masked hypertension, and 9% continued to have sustained hypertension.
Overall, ambulatory hypertension (masked + sustained) was present in 54% at baseline and in 36% at follow-up (P = 0.005): the percentage of patients with masked hypertension decreased from 37% to 29%, and those with sustained hypertension decreased from 17% to 7%. The majority of improvement was attributable to: (i) an increased number of transplant recipients with controlled hypertension (26% at baseline and 45% at follow-up, P = 0.002), while the number of patients with normal BP (not on antihypertensive treatment) did not change; (ii) a decrease in the number of patients with masked hypertension (not on antihypertensive treatment) and sustained uncontrolled hypertension (Figure 2 ). Nevertheless, 39% of patients on antihypertensive medications still had uncontrolled hypertension, mainly related to a stable number of patients with masked uncontrolled hypertension overtime (27% and 26% at baseline and follow up, respectively). We then compared BP control according to age at baseline and follow up (Figure 3 ). Using standard pediatric and adult definitions (Figure 3a) , the prevalence of abnormal (masked +sustained) ABP was significantly lower in young adults than in children at baseline (40% vs. 62%, P = 0.02). In the adult-adult subgroup, no significant difference in BP control was found between baseline and follow up. In contrast, the prevalence of ambulatory hypertension in the pediatricpediatric (63% at baseline and 40% at follow up, P = 0.02) and pediatric-adult (61% at baseline and 32% at follow up, P = 0.03) subgroups significantly decreased over time.
When a comparable definition of abnormal ABP (≥95 th percentile per height) was used in both children and adults (Figure 3b ), no significant difference in the prevalence of ambulatory hypertension at baseline between young adults (54%) and children (53%) was found. As with the standard definition, no improvement in BP control was seen in the adult-adult subgroup, but ABP has improved in pediatricpediatric and pediatric-adult subgroups.
In order to evaluate factors associated with improvement or worsening in ABP status over time, we analyzed separately patients with abnormal and normal ABP at baseline. Among patients with abnormal baseline ABP, those whose ABP improved to normal during follow up were more likely to be male (82% vs. 59%, P = 0.04) and to be treated with calcium channel blockers at baseline (50% vs. 35%, P = 0.04), but less likely to be overweight (24% vs. 46%, P = 0.06) and to have elevated baseline mean 24-hour SBP (28% vs. 63%, P = 0.005) or mean wake SBP (28% vs. 52%, P = 0.05). In a multivariate analysis, elevated baseline mean 24-hour SBP was the only independent predictor of lack of improvement in ABP status (Table 3) .
Patients with normal baseline ABP but ambulatory hypertension at follow up were more likely to be females (56%, vs. 31%, P = 0.07), be treated with steroids (78% vs. 36%, P = 0.003), have lower hemoglobin (11.4 mg/dl vs. 12.7, P = 0.007) and lower estimated glomerular filtration rate (49 vs. 65 ml/min/1.73 m 2 , P = 0.046). In a multivariate analysis, being female and steroids treatment were independently associated with development of ambulatory hypertension (Table 3 ). 
DISCUSSION
This is the largest study to evaluate trends in ABP control over time in the pediatric and young adult kidney transplant recipient population. Our results demonstrate that overall, BP control improved overtime. These findings confirm the results of 2 previous smaller pediatric kidney transplant studies 13, 14 which also showed improved ABP control. Similar to the study by Seeman et al., 14 in which significant improvement was observed only for nighttime BP, our results showed more improvement in sleep BP status. Of note, absolute BP levels did not change over time, and the improvement in BP indices reflects the growth of the patients during the study period leading to higher cutoffs for abnormal BP at follow up. CBP status also improved over time in our study population, similar to the findings of 2 other recent studies which followed pediatric kidney transplant recipients. 21, 22 We observed an increased number of patients taking antihypertensive medications and more patients taking more than 1 antihypertensive medication at follow up, especially in those with baseline ambulatory hypertension at baseline. However, despite more patients taking BP medications and more patients with controlled hypertension at last follow up, we could not find an association between starting antihypertensive treatment/increase in number of BP medications and improvement in BP status. Of note, one third of our patients still had uncontrolled ambulatory hypertension, many of whom were under treated: at follow-up, less than two thirds (61%) of the patients receiving antihypertensive medications had normal ABP.
In the general pediatric population, a higher risk of sustained hypertension was observed in patients with baseline masked or WCH. [23] [24] [25] While in our study, patients with a higher baseline mean 24-hour SBP were at increased risk for persistent hypertension at follow up, the presence of a particular BP phenotype (e.g., masked or sustained hypertension) at baseline did not statistically predict follow up hypertension, probably reflecting the relatively low number of patients with sustained hypertension in our cohort, and the relatively large proportion (33%) of patients with normal baseline BP who had abnormal ABP at follow up. Female sex and steroid treatment were also significantly associated with the development of ambulatory hypertension over time. While steroid treatment is a well-known risk factor for hypertension, we cannot explain the worsening BP status in females. Contrary to our findings, a study conducted in the general pediatric population showed that females had lower rates of "progression" from masked to sustained hypertension. 23 Thus, our finding might reflect other aspects effecting BP status, not captured in our study.
Our results showed that at baseline, young adult patients had a lower prevalence of ambulatory hypertension compared to pediatric patients when standard adult and pediatric definitions of ambulatory hypertension were used. However, when height-based pediatric cutoffs for hypertension were used in young adults, we found no significant difference in Prevalence of ambulatory hypertension at baseline and last follow up based on age group. Ambulatory hypertension is defined: (a) standard adult and pediatric definitions and (b) pediatric definition as ABP ≥95 th percentile per height. "Adults-adults": subjects ≥18 years at baseline; "peds-peds": subjects <18 years at baseline and follow up; "peds-adults": subjects <18 years at baseline, but ≥18 years at follow up. Abbreviation: ABP, ambulatory blood pressure.
the rates of ambulatory hypertension among children and adults at baseline. These findings highlight the problematic nature of defining ABP status during the transition period from childhood to adulthood. Importantly, regardless of the classification (pediatric or adult), BP status of pediatric patients improved whether they reached adulthood or not.
Our study has several limitations. First, this was a retrospective chart review with almost one third of our baseline cohort not having a follow-up ABPM. As all the 3 centers who participated in the study perform routine ABPM in kidney transplant recipients, it is reasonable to believe that some of these patients simply transitioned/were lost to follow up before their second ABPM or did not adhere to the follow up plan. The reason for the relatively low number of patients with initial normal BP and follow up ABPM may be explained by lower tendency to perform repeat ABPM in patients with "proved normotension. " Whatever the reason for the lack of follow up, our results likely reflect the status of a group of patients with a higher prevalence of ambulatory hypertension and not of the general pediatric kidney transplant recipient population. Second, we did not have information on the dose and frequency of changes in antihypertensive medications or the adherence to the antihypertensive regimen. Third, ABPM frequency was not standardized across centers making it difficult to assess ABP trends systematically.
In summary, this longitudinal study of ABP in pediatric and young adult kidney transplant recipients demonstrated improved control of BP over time in patients followed by ABPM. However, the prevalence of masked uncontrolled hypertension remained relatively high, and a third of the baseline normotensives had ambulatory hypertension at follow up. Our findings, underscore the important role of routine ABPM, even in normotensive patients, and the need for aggressive BP management in this population. Further research is needed to assess ABP status over longer follow up period and to examine the association of ABP control with target organ damage such as allograft dysfunction and left ventricular hypertrophy.
